While the description of metal and semiconductor surfaces has reached a high level of sophistication, many fundamental properties of the surfaces of metal oxides are still very poorly understood. Oxides are inherently much more complex, since most surface properties depend not only on the structure, but also on the local stoichiometry of the surface. The challenge is to understand how oxide surfaces react with gases, act as catalysts, photocatalysts, gas sensors, or act as supports for metal nanoparticles. The ambition is to be able to functionalize oxide surfaces by controlling composition and structure through defects or modifier atoms and molecules.
The rutile TiO 2 ͑110͒ surface (see Fig. 1 and Ref. [1] ) has become one of the key model systems for metal oxide surfaces [2] . A large number of experimental and theoretical studies have concentrated on this surface in the hope that it may act as a prototype system where consensus is first established. Water dissociation on TiO 2 is of fundamental interest as an example of a simple surface chemical process with significant applications. In addition, TiO 2 is the material of choice for photochemical hydrogen production from water [3, 4] and for biocompatible implants [5] . This further emphasizes the importance of understanding the water dissociation process in some detail. Earlier experimental studies report a minor degree of water dissociation on TiO 2 ͑110͒ [6-8] while theoretical studies predict the dissociated state, or mixed dissociated-molecular states, to be most energetically favorable [9] . Thus, even for this simple process we do not have a clear picture of the dissociation energetics and the active site for dissociation.
In this Letter, we use a combined experimental and theoretical approach to show that, at low coverages, water dissociation takes place exclusively on defect sites associated with oxygen vacancies. By the use of scanning tunneling microscopy (STM) we demonstrate that a direct correlation between oxygen vacancies before water exposure and surface hydroxyl groups after exposure exists, and using density functional theory (DFT) we show water dissociation to be energetically feasible only at the defect sites.
An important part of the present study is the identification of the "type-A defects," a term introduced by Diebold and co-workers [10] to designate bright spots observed with STM on the TiO 2 ͑110͒ surface. These defects are inherent to the surface, but their true chemical identity remains unresolved. Diebold et al. [10] interpret them as oxygen vacancies, while Suzuki et al. [11] associate them with hydroxyl groups. We show that there are actually two kinds of type-A defects, vacancies and hydroxyl groups, and high resolution STM images in combination with simulated STM images based on DFT calculations enable us to clearly distinguish the two. On this basis we conclusively identify the oxygen vacancy as the active site for water dissociation on titania. The onset of dissociation is limited by the mobility of the water molecules, which are found to adsorb on top fivefold coordinated titanium atoms.
The STM experiments were conducted in an ultrahigh vacuum (UHV) chamber, base pressure ,10 210 torr, equipped with standard sample preparation and analysis techniques. The STM used in these investigations is homebuilt [12] and capable of high-resolution scanning at 100 -400 K. The TiO 2 samples (eSCeTe) were prepared by multiple cleaning cycles (20 min 600 eV Ar 1 sputtering, 40 min annealing at 1000-1100 K). Deionized water, cleaned via freeze-pump-thaw cycles, was introduced into the UHV chamber through a leak valve. For theoretical modeling, we have performed DFT calculations applied to periodic slab models. Each slab contains three O-Ti 2 O 2 -O planes and slabs are separated by 10 Å of vacuum. Water is adsorbed on only one side, and the resulting dipole moment has been corrected for in the vacuum region. The ionic cores have been described by ultrasoft pseudopotentials [13] and the one-electron valence states are expanded in plane waves with kinetic energies up to 340 eV. A Monhkorst-Pack grid of (8 3 4 3 1) k points has been used for the smallest (1 3 1) surface unit cell and reduced appropriately for larger super cells. Electron densities have been self-consistently determined with the PW91 exchange-correlation functional [14] by iterative diagonalization of the Kohn-Sham Hamiltonian. Fermi population of the Kohn-Sham states (k B T 0.2 eV) and Pulay mixing of the resulting electronic density have been employed. Energies are extrapolated to k B T 0 eV and their final evaluation has been performed using the alternative revision of the Perdew, Burke, and Ernzerhof exchange-correlation functional [15] . Simulated STM images have been obtained by applying the Tersoff-Hamann approximation [16] where the tunneling current is proportional to the local density of states. The effect of finite bias has been introduced by adding up contributions from states lying between the Fermi level and the applied voltage. This procedure was already employed successfully to study the TiO 2 surface [17] . The voltage considered to model the images is V S 1 V, similar to the voltage used in the STM experiments (see below). The simulated images have been obtained at a constant density of 3 3 10 26 e͞Å 3 , since at this value experimental and theoretical corrugations for the undefected surface are similar. Figure 2 (a) shows an STM image of the clean TiO 2 surface recorded at room temperature. For this and all other images in this paper the sample was positively biased at 1.3 V relative to the tip, implying electron tunneling into unoccupied sample states. In this case the bright rows are assigned to fivefold coordinated Ti atoms and dark rows to bridging oxygen atoms [17] . Our STM simulations for the clean surface support this interpretation; see Fig. 3 (a). In this context, the most important feature of the images is the bright spots (type-A defects) between Ti rows [17] .
Exposing the clean samples to a low dose (10 22 L) of water at room temperature leads to the situation shown in Fig. 2(b) . We again observe the bright Ti rows and type-A defects (protrusions) between the Ti rows. Scrutinizing many similar clean and water exposed STM images reveals two type-A species. Their main difference in appearance is their extent in the [001] direction (vacancy 6.6 Å, broader and slightly higher protrusions [ Fig. 2(a) ] to be oxygen vacancies and the smaller features [ Fig. 2(b) ] to be bridging hydroxyl groups. Both vacancies and hydroxyl groups give rise to protrusions but vacancies are clearly more extended than hydroxyl groups due to a stronger delocalization of the two electrons associated with the oxygen vacancy.
The above interpretation is also confirmed by the STM findings. If we compare Figs. 2(a) , the clean surface, and 2(b), the surface after water deposition, the number of type-A defects has doubled. For the clean surface in Fig. 2(a) the type-A defects are nearly exclusively O vacancies, whereas in Fig. 2(b) the type-A defects are OH groups. If we instead expose the surface to 10 22 L of water at low temperature (180 K), Fig. 2(c) , we again observe a doubling of the type-A defect density, but an additional brighter feature is also present, which we ascribe to molecularly adsorbed water. From the atomically resolved STM images [see Fig. 2(d) ] we determine the adsorption site of molecular water to be on top fivefold coordinated Ti atoms. Furthermore, Fig. 2(d) confirms that all OH groups are situated at bridging oxygen sites; we never observe terminal OH groups. This suggests that water adsorbs dissociatively in oxygen vacancies and via proton transfer to a neighboring bridging oxygen atom creates two bridging hydroxyl groups per initial vacancy. Oxygen vacancies thus act as the active site for water dissociation on the TiO 2 ͑110͒ surface. A prerequisite for dissociation to occur is the mobility of water molecules and thereby their ability to reach the active sites. From time-resolved STM movies [18] we have observed that the water molecules diffuse at 160 K at time scales of seconds, consistent with Henderson's findings [7] .
Temperature programmed desorption (TPD) spectra obtained after submonolayer water deposition at low temperature reveal two peaks at ϳ290 K and ϳ490 K. When annealing higher than 290 K, we no longer observe the bright feature associated with molecularly adsorbed water. Annealing above 490 K leads to the disappearance of the OH species, reverting to the initial surface defect density. Correlating TPD and STM data we can thus conclude that the higher temperature peak is associated with recombinative desorption of the hydroxyl species, in agreement with Ref. [19] .
DFT calculations support the preceding interpretation in that they show dissociation of water to be energetically possible only at oxygen vacancies (see Fig. 4 ). When we consider "low" coverages [0.25 ML water coverage, (2 3 2) super cell], the dissociation of water on the perfect TiO 2 ͑110͒ surface is endothermic by 0.23 eV, in line with [20] . Since the water molecule binds quite strongly to the surface by 0.56 eV, the dissociated state is even more endothermic relative to molecular adsorption. The finding of an endothermic dissociation process is in contrast to the result of an earlier calculation by Lindan et al. [9] . Here dissociation is found to be exothermic on the perfect TiO 2 ͑110͒ surface. We also find this at high coverages.
For a (1 3 1) unit cell dissociation is exothermic relative to molecularly adsorbed water by 0.2 eV, the reason being that at this high coverage chains of hydrogen-bonded OH groups can form along the [001] direction. We note that a small exothermicity may be counteracted by entropic effects and that exothermicity is a necessary, but not sufficient, condition for dissociation. Only for very exothermic processes do we expect the barrier for dissociation to be small. In the calculation by Lindan et al. [9] the unit cell used is such that all OH groups have nearest neighbors in this direction, and this is likely to be the reason for stronger bonding. The high coverage limit is, however, of limited interest for the understanding of the initial low coverage dissociation of water studied here. Including now the effect of 0.25 ML of oxygen vacancies, we find dissociation to be strongly exothermic, even with respect to molecularly adsorbed water (see Fig. 4 ). Dissociation at these vacancies gives rise to two equivalent OH groups on the surface, both of acidic character, where the water oxygen has been incorporated into the vacancy. The reason for the larger reactivity of the vacancies is clearly associated with the high-energy defect. When water dissociates, the coordination shell of the Ti underneath the vacancy is refilled, resulting in the exothermicity. This electronic effect is very similar to the electronic effect found in the adsorption of various adsorbates on metal surface defects [21] .
To further substantiate the results presented above, we carried out a number of quantitative water exposure experiments at room and low temperature for surfaces with different initial surface defect densities (oxygen vacancies and hydroxyl groups originating from the low but finite 266104-3 266104-3 water background pressure in the UHV chamber). The defect density can be tuned in a reproducible way by using crystals with varying degrees of bulk reduction and by varying the annealing time in oxygen background and/or UHV. Note that at room temperature, hydroxyl groups have still not desorbed from the surface, as illustrated in Fig. 2(b) , while water molecules have desorbed. Figure 5(a) shows a plot of the type-A defect density at different stages in the experiments, where first the clean surface was exposed to a certain amount of water (see "deposition" column). Subsequently, the sample was flash-annealed to 873 K (indicated with "Flash") and in some cases another deposition was carried out. Upon normalization to the initial vacancy density and correction for the presence of both type-A species it becomes apparent that for every initial vacancy, two hydroxyl groups are created, as shown in Fig. 5(b) . Hydroxyl groups are desorbed upon annealing but can be recreated upon another water exposure. This demonstrates unambiguously that the active sites for water dissociation on TiO 2 ͑110͒ are oxygen vacancies.
In conclusion, from an interplay between experiment and theory we have determined the active site for water dissociation on the rutile TiO 2 ͑110͒ surface to be an oxygen vacancy. In order to reach this conclusion we have used our ability to distinguish the two defect species, oxygen vacancies and bridging hydroxyl groups, on highresolution STM images.
